INTRODUCTION
and regeneration of connective tissues (16) . MSCs are known to migrate to tissues as a result of inflammation or injury, where they contribute to regeneration of the damaged tissues (17) . For these reasons, MSCs have considerable therapeutic potential in tissue regeneration (18, 19) .
Recent results from both animal models and human tumors have suggested that MSCs also migrate to tumor tissues, where they incorporate into the tumor stroma (20, 21) . This tropism of MSCs for tumors is reportedly due to the presence of soluble factors secreted by tumor cells, similar to inflammatory responses (22, 23) . These findings have led to increased interest in understanding the effects of MSCs in the tumor microenvironment. Several studies have suggested that MSCs promote tumor growth and the metastatic potential of tumor cells (3, 24) . MSCs can differentiate into fibro blasts, myofibroblasts or pericyte-like cells and induce neoangiogenesis, resulting in the promotion of tumor growth in vivo (24, 25) . In contrast, few studies have indicated that MSCs inhibit tumor growth (26) . Several studies have used human MSCs, as opposed to murine MSCs, to assess the effects of this cell type on tumor growth in mouse models because of the ease of expansion of human MSCs (3, 24) . In these tumor xenograft models, the tumor stroma consists of mouse cells, but the tumoral cells and MSCs are of human origin. Thus, because of the mixed lineages of these cells, the effects of MSCs on tumor growth may be affected by unknown interactions. On the basis of these previous studies, we elected to use only murine cells throughout the present study for the purpose of clearly interpreting the resulting findings.
In this study, we developed a quantitative assay for tumor growth in vitro using coculture models with MSCs and B16 melanoma cells expressing LacZ (B16-LacZ). We demonstrated that both direct contact with MSCs and release of soluble factors from MSCs promote B16-LacZ cancer cell proliferation in vitro.
Furthermore, our results suggest that coinjection of MSCs with B16-LacZ cells promotes tumor formation in mice through enhanced angiogenesis, induced by secretion of proangiogenic factors from MSCs.
MATERIALS AND METHODS

Cell Culture and Animals
B16-LacZ, a mouse melanoma cell line expressing β-galactosidase, and TSt-4, a mouse MSC cell line derived from fetal thymus tissue (27) , were obtained from the RIKEN BioResource Center (Tsukuba, Japan). B16-LacZ cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; DMEM/10% FBS). Lewis lung carcinoma (LLC) cells were obtained from the Cell Resource Center for Biomedical Research, Tohoku University (Sendai, Japan). LLC cells were propagated in RPMI-1640 containing 10% FBS. A mouse bone marrow-derived mesenchymal cell line (MSC) was established from bone marrow cells isolated from C57BL/6 mice, as described previously (28) . MSCs were cultured in DMEM low glucose 1× medium (DMEM + Gluta-MAX; Invitrogen, San Diego, CA, USA) containing 10% FBS (Invitrogen). Female C57BL/6 mice, 6-8 wks of age, were purchased from Japan Charles River (Atsugi, Japan). Female C57BL/6-Tg (cytomegalovirus immediate early enhancer/betaactin promoter-enhanced green fluorescent protein [CAG-EGFP]) mice were purchased from Japan SLC (Hamamatsu, Japan). For primary culture of MSCs from green fluorescent protein (GFP) mice, the bone marrow suspension was cultured in DMEM + GlutaMAX with 10% FBS. When adherent cells reached 70-80% confluence, cells were harvested and expanded. When a homogeneous cell population was obtained, after 3 to 5 passages, these cells were used for subsequent experiments.
Analysis of MSC Cell Surface Markers
Cell surface antigens were analyzed by flow cytometry in cultured murine were added to the cell disks. After an additional 48 h, cells were lysed by the addition of lysis buffer (0.5% Triton X-100, 2 mol/L NaCl in PBS) at 12-h time points, and 100 μL 2 mg/mL X-Gal solu-tion was combined with 15 μL of the cell suspension. The absorbance at 595 nm of the resulting solution was then measured as described above.
To assess cell proliferation in the presence of conditioned media from MSCs, media were collected from MSCs (2 × 10 6 cells) cultured in 10 mL DMEM/1% FBS in a culture dish (10 cm in diameter) for 48 h. The media were clarified by centrifugation (1,000g, 5 min), and the resulting supernatant was used as conditioned media. B16-LacZ cells were seeded at a density of 5.0 × 10 3 cells/well in 96-well plates and cultured in DMEM/ 10% FBS for 12 h. Subsequently, the media were replaced with either conditioned media or DMEM/1% FBS. Next, 10 μL Alamar Blue assay solution (Biosource International, Camarillo, CA, USA) was added to the wells at 12-h time points, and the plates were incubated at 37°C. Fluorescence was measured using a Fluoroskan Ascent CF apparatus (Labsystems, Helsinki, Finland) with excitation set to 544 nm and emission set to 590 nm.
Analysis of In Vivo Tumor Growth
All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of Hirosaki University.
All mice (n = 8 for each group) were divided into groups that received subcu- 
Immunohistochemistry of the Tumors
B16-LacZ tumors on day 21 were removed, fixed in 10% buffered formalin for 24 h and then stained with hematoxylin and eosin for histological examination. For immunohistochemical staining for Ki-67, sections were deparaffinized and antigen retrieval was conducted using an antigen retrieval solution (415211; Nichirei, Tokyo Japan). After blocking of endogenous peroxidase activity with a peroxidase blocking reagent (S2001; Dako, San Antonio, TX, USA), tissue sections were incubated with rat antimouse Ki-67 (1:25; Dako) and the appropriate secondary antibody. Color development was performed using the peroxidase substrate 3-amino-9-ethylcarbazole.
To characterize the effects of MSCs on microvessel area in tumor tissues, tumors were removed when the tumor size reached around 1 cm 3 or at day 21.
Cryosections were fixed with 4% paraformaldehyde and stained with rat antimouse CD31 (1:100; BD Pharmingen). Sections were then incubated with labeled polymer (N-Histofine Simple Stain Mouse MAX PO [Rat]; Nichirei, Tokyo, Japan). Color development was performed using 3-amino-9-ethylcarbazole. Sections were counterstained with hematoxylin. Microvessel area in cryosections from each tumor was quantified using 10 images from each of 10 different tumors per group under 200× magnification. Vessel area was measured using the ImageJ software (http:// rsbweb.nih.gov/ij).
Immunofluorescence
On day 21, B16-LacZ tumors with MSCs expressing GFP (GFP-MSCs) were fixed with 4% paraformaldehyde and increasing concentrations of sucrose buffer (12%, 15% and 18%) over 12 h. Frozen sections were blocked with Protein Block Serum-Free (X0909; Dako) and were incubated with rat antimouse CD31 (1:100; BD Pharmingen) or rabbit antimouse α smooth muscle actin (α-SMA, 1:50, ab5694; Abcam, Cambridge, U.K.). Rat IgG 2a and rabbit IgG were used as isotype controls. Secondary antibodies used were donkey antirat IgG-Alexa Fluor 594 (1:200; Invitrogen) or goat antirabbit IgG- Alexa Fluor 594 (1:200; Invitrogen), respectively. To improve primary antibody penetration, sections for α-SMA staining were incubated in PBS/0.02% Triton X-100 for 30 min at room temperature before primary antibody incubation. All procedures were protected from light. Sections were examined with a confocal laser scanning microscope.
R E S E A R C H A R T I C L E
Analysis of Angiogenic Factor Levels in Supernatants from B16-LacZ Cells and MSCs
To measure the levels of angiogenic 
Statistical Analysis
Results are expressed as the mean ± standard deviation (SD). Comparisons between groups were performed using a two-tailed Student t test. Linear regression curves were produced using the Pearson correlation. P values <0.05 indicated statistical significance.
RESULTS
In Vitro-Cultured Mesenchymal Cells Express MSC Markers
Mouse bone marrow-derived MSC cultures were established from bone marrow cells isolated in C57BL/6 mice. Phenotypically, MSCs were characterized by being negative for expression of the CD34 and CD45 hematopoietic cell markers and positive for Sca-1, CD90 and CD44. Flow cytometric analysis revealed that cultured MSCs were positive for Sca-1, CD90 and low expression of CD44, but negative for CD34 and CD45 ( Figure 1A) , as expected. The MSCs exhibited a spindle-shaped morphology in culture ( Figure 1B ) and have been reported to differentiate into adipocytes and osteocytes (28) . These results were consistent with previous reports and indicated that the established cell line indeed consisted of MSCs (29) .
Coculture with MSCs Promotes Proliferation of B16-LacZ Cells In Vitro
We next analyzed whether MSCs could promote proliferation of the murine melanoma cell line B16-LacZ in an in vitro coculture model. Initially, a linear regression standard curve was generated to correlate the number of B16-LacZ cells with absorbance at 595 nm (OD 595 ). The assay was selective for B16-LacZ cells, because only this cell line expressed β-galactosidase (Figure 2A) . Results from this analysis revealed that coculture of B16-LacZ cells with MSCs led to a marked increase in proliferation of B16-LacZ cells compared with B16-LacZ cells cultured alone ( Figure 2B) . After 48 h, the number of cells grown under coculture conditions was 3.6-fold greater than that of B16-LacZ cells cultured alone. On the basis of these results, we next analyzed the doseresponse effect of MSCs on B16-LacZ proliferation ( Figure 2C ). These results showed that proliferation of B16-LacZ cells increased in accordance with the number of MSCs present in the coculture. After 24 h, β-galactosidase protein levels were analyzed in each well by measuring the absorbance at 595 nm using a microplate reader, as described in Materials and Methods. (B) B16-LacZ cells were cultured with MSCs at a 1:1 ratio. β-Galactosidase protein expression was measured at the indicated time points (n = 5; **P < 0.01). (C) B16-LacZ cells were incubated with MSCs at different ratios. β-Galactosidase protein expression was measured after 48 h (n = 8; **P < 0.01). OD 595, optimal density absorbance at 595 nm.
MSCs Promote B16-LacZ Cell Proliferation in the Absence of Direct Contact
To determine whether direct contact between B16-LacZ cells and MSCs is required for stimulation of B16-LacZ cell proliferation, cell growth in the absence of direct contact was investigated using cell disks and conditioned medium. Although the magnitude of stimulation of cell proliferation cannot be directly compared between cocultured cells and cells cultured in the absence of direct contact because of differences in growth conditions, a 2.3-fold increase in proliferation of B16-LacZ cells occurred in the presence of MSCs cultured on cell disks (P < 0.01; Figure 3A) , and a 1.4-fold increase occurred in the presence of conditioned media (P < 0.01; Figure   3B ) at 48 h. These values were slightly lower than the 6.4-fold increase in proliferation that occurred under conditions of 60-h direct contact in cocultures (see Figure 2B) . To characterize the mechanisms underlying these changes in cell proliferation, we performed cell cycle analysis using flow cytometry. However, no obvious change in the cell cycle distributions of the cancer cells was apparent at the time points analyzed (data not shown).
MSCs Derived from Bone Marrow Promote Tumor Growth In Vivo
B16-LacZ cells and LLC cells, a lung carcinoma cell line, were used to assess the effects of MSCs on tumor promotion and growth in an in vivo model. Mixtures containing each of these cell types, along with MSCs, at ratios of 1:0.2, 1:1 and 1:5, were subcutaneously injected into syngeneic C57BL/6 mice, and tumor formation and growth were assayed. At day 21 after tumor inoculation, mice injected with B16-LacZ cells and MSCs at 1:1 and 1:5 ratios exhibited 2.3-fold (P < 0.01) and 4.3-fold (P < 0.01) greater tumor volumes, respectively, than mice injected with B16-LacZ cells alone ( Figure 4A, B) . However, tumor ratio of 1:0.2 did not increase tumor size compared with B16-LacZ cells alone (see Figure 4B ). At day 13 after tumor inoculation, mice injected with LLCs and MSCs at 1:1 and 1:5 ratios exhibited 2.1-fold (P < 0.05) and 2.6-fold (P < 0.01) greater tumor volumes, respectively, compared with mice injected with LLCs alone (Figure 4A , C). Injection of MSCs alone did not result in tumor formation. Mixtures of B16-LacZ cells and another MSC cell line, TSt-4, derived from fetal thymus tissue, were also injected into C57BL/6 mice to assess the tumor growth effect of MSCs from a different origin. However, we observed no stimulatory or inhibitory effect on B16-LacZ tumor growth by TSt-4 MSCs at 1:1 and 1:5 ra- Absorbance at 595 nm was determined at the indicated time points (n = 7; *P < 0.05; **P < 0.01). (B) B16-LacZ cells were cultured in conditioned medium from MSCs. Cell proliferation was measured using the Alamar Blue assay as described in the Materials and Methods (n = 7; *P < 0.05; **P < 0.01). Tumor volume was calculated at 2-day intervals (n = 7; *P < 0.05; **P < 0.01). (C) LLCs and MSCs were co-injected as described for B16-LacZ cells, and tumor volume was calculated at 2-day intervals (n = 7; *P < 0.05, **P < 0.01).
tios (data not shown). To exclude the possibility that increased tumor growth was due to immunosuppression caused by MSCs, B16-LacZ cells and/or MSCs were subcutaneously injected into BALB/c nude mice. Similar to the results described above for syngeneic mice, co-injection of B16-LacZ cells and MSCs caused a significant increase in tumor volume compared with injection of B16-LacZ cells alone in nude mice (P < 0.05; data not shown).
MSCs Promote Tumor Growth In Vivo by Increasing Angiogenesis
To investigate mechanisms of tumor promotion by MSCs, we analyzed B16-LacZ + MSC tumors on day 21 (Figure 5 ). Hematoxylin and eosin staining revealed a massive necrotic area in B16-LacZ alone tumors, but not in B16-LacZ + MSC tumors ( Figure 5A ). In vivo analysis of cell proliferation using Ki-67 labeling was compared between B16-LacZ alone and B16-LacZ + MSC tumors (see Figure 5A ). Percentages of Ki-67-positive cells in B16-LacZ alone tumors, B16-LacZ + MSC tumors at a 1:1 ratio and B16-LacZ + MSC tumors at a 1:5 ratio were 44.3 ± 5.1, 49.1 ± 3.4 and 42.4 ± 7.8, respectively, and were not significantly different. Thus, we hypothesized that MSCs may promote tumor growth by increasing angiogenesis. To assess whether MSCs promote angiogenesis, cryosections from tumors were stained with an antibody directed against CD31 to visualize blood vessels (see Figure 5A ). Blood vessels were richer in B16-LacZ + MSC tumors (at ratios of 1:1 and 1:5) than in B16-LacZ alone tumors on day 21 .
For optimal quantitative analysis of angiogenesis, we stained smaller tumors (around 1 cm 
Differentiation of MSCs in the Tumors
To assess the role of MSCs in tumor promotion, MSCs from GFP mice (GFPMSCs) were co-injected with B16-LacZ cells at a ratio of 1:1 into mice. Although GFP-MSCs presented in tumor tissues on day 21 ( Figure 6A ), the number of MSCs was quite low and MSCs were randomly distributed in tumor tissues. Some MSCs were closely presented at vessel structures. To assess differentiation and its association with tumor vessels, tumor tissues were stained with a CD31 antibody, as an endothelial marker ( Figure 6B ), or an α-SMA antibody, as a pericyte marker. Confocal microscopy revealed that some MSCs that were closely presented in the tumor vasculature expressed CD31 but not α-SMA.
MSCs Secrete Several Angiogenic Cytokines
On the basis of the observation that MSCs promoted angiogenesis in vivo, we next assessed the levels of several 
DISCUSSION
In this study, we demonstrated that MSCs promote tumor cell proliferation in vitro and tumor growth in vivo. In both D 1 7 ( 7 -8 ) 5 7 9 -5 8 (30) . Results from this study indicated that stimulation of tumor cell proliferation by human MSCs was solely due to secreted soluble factors, in contrast to our results suggesting that both direct contact and soluble factors play a role in stimulating proliferation. Another study demonstrated that treatment of pancreatic tumor cells with conditioned media from cancer-associated stromal fibroblasts enhanced cell proliferation in vitro; however, effects in cocultures containing both fibroblasts and tumor cells were not examined (4) . Secreted IL-6 from fibroblasts was reported to enhance the rate of cancer cell proliferation in a previous study (5) . Thus, IL-6 may represent one of the soluble factors partially responsible for stimulation of cell proliferation in B16-LacZ cells. Although these studies demonstrated MSC-mediated stimulation of tumor cell proliferation in vitro, none of them analyzed changes in the cell cycle. We did not observe any change of cell cycle distribution. This negative observation may have been because of using non-synchronized cells. Nevertheless, further investigation is needed to identify the precise molecules that mediate this effect.
R E S E A R C H A R T I C L E M O L M E
Subcutaneous co-injection of tumor cells and MSCs resulted in more rapid tumor growth in mice compared with injection with tumor cells alone in assays using either B16-LacZ or LLC cells. Increased tumor growth was independent of the mouse strain background; indeed, similar effects were observed in both syngeneic mice and nude mice. The MSC cell line TSt-4 derived from fetal thymus tissue did not affect B16-LacZ tumors in vivo. The reported effects of MSCs on progression of primary tumors have been both pro-and antitumorigenic, but variability in these results, including ours, could be attributable to differences in the sources of the MSCs and the type of tumor model used for analysis. For example, intravenous injection of human MSCs into Kaposi's sarcoma-bearing nude mice inhibited tumor growth (26) . MSCs also decreased proliferation of Kaposi's sarcoma cells in vitro under conditions of direct contact through inhibition of Akt signaling. Human MSCs were found to inhibit proliferation of a leukemia cell line and a small cell-lung cancer cell line in vitro, whereas tumor cells grew significantly faster when coinjected with MSCs into nonobese diabetic severe combined immunodeficient mice compared with injection of tumor cells alone (31) . However, MSC-mediated inhibitory effects have only been observed in a few models, and most studies reported protumorigenic effects, consistent with our findings. Note also that immunosuppressive effects caused by MSCs were shown to promote B16 tumor growth in an allogeneic mouse model (32) . However, this was not the case in our study, because we observed no difference in the effect of MSCs on tumor growth between nude and syngeneic mice.
We observed neither a change in the Ki-67 labeling index in the B16-LacZ + MSC tumors nor a high number of MSCs in the tumor tissues. These observations suggest that tumor promotion by MSCs was not due to stimulated tumor cell growth or an increased number of MSCs. We demonstrated that MSCs strongly stimulate tumor angiogenesis, likely through secretion of several angiogenic factors. The effects of MSCs on the tumor vasculature remain unclear and are likely to be complex (33, 34) . We hypothesize that MSCs exert paracrine effects on endothelial cells via secreted growth factors and cytokines, directly contributing to blood vessel formation in the tumor microenvironment. MSCs secrete many proangiogenic factors, including VEGF, IL-6, transforming growth factor-β and IL-8 (24, (34) (35) (36) , and secretion of these proangiogenic factors was shown to be significantly enhanced by treatment with conditioned media from tumor cells (24) . However, we did not observe enhanced secretion of these factors from MSCs as a result of coculture with tumor cells, although MSCs did secrete higher amounts of proangiogenic factors than tumor cells. VEGF expression in MSCs can be enhanced by hypoxia, a common phenomenon in tumor tissues (37) . Together, these data and our findings suggest that MSCs play a key role in tumor neovascularization.
Another contribution of MSCs to the tumor vasculature occurs through the support of vascular formation in tumor tissues. In the present study, we attempted to investigate the differentiation state of MSCs after co-injection with tumor cells using GFP-MSCs. Some MSCs closely presented to the tumor vasculature and expressed the endothelial cell marker CD31, but not the pericyte marker α-SMA. Grafted MSCs were shown to integrate into tumor vessel walls and express pericyte markers, but not endothelial markers, suggesting that MSCs in tumor tissues differentiate into pericytes and contribute to the tumor vasculature (25) . Although this report was different from ours, these studies suggest that MSCs directly support the tumor vasculature by differentiating into endothelial cells, pericytes or other types of cells. Additionally, grafted MSCs were reported to differentiate into tumorassociated fibroblasts and to contribute to tumor progression (38) .
In conclusion, results from this study demonstrate that MSCs stimulate tumor cell proliferation in vitro and tumor growth in vivo. Enhanced tumor growth in syngeneic mouse models by MSCs may be, in part, due to promotion of tumor neovascularization by directly supporting the tumor vasculature and secreting proangiogenic factors. These results suggest that MSCs play an important role in tumor progression.
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